To obtain detailed information on phenobarbital (PB)induced cytochrome P450 (P450) increase and endoplasmic reticulum (ER) prolikation in hepatocytes, we estimated microphotomettically the amount of W O per unit cytoplasmic volume and morphometrically the area of ER per unit cytoplasmic volume in hepatocytes adjacent to the portal area or central venule (1 periportal or 1 perivenular cells) and in the second and third layers from the portal area or central venule (2,3 periportal or 2,3 perivenular cells) from mice injected with 35, 50, 100, or 150 mglkg PB once a day for 3 days. By dividing the P450 amount by the ER area, the number of P450 molecules per unit ER area was also calmlated. In 1 and 2 , 3 perivenular cells, except for 2, 3 peri-venular cells after injection of 150 mglkg PB, the amount of P450 increased with ER proliferation and the number of P450 molecules in ER remained unchanged after injection of 50,100, or 150 mglkg PB. In 2,3 periportal cells, however, the P450 amount and the number of P450 molecules in ER inaeased markedly without or with some ER proliferation after injection of 50, 100, or 150 mglkg PB; the P450 increase appears to be generally independent of ER proliferation. The 1 periportal cells are probably exceptional hepatocytes that usually did not respond to PB stimulation. (J Hstochem Cytochem 40:353-357, 1592) 
Introduction
Phenobarbital (PB) administration to animals induces a marked increase in the amount of cytochrome P-450 (P-450) in the liver (1, 3, 9, 15, 17) and prominent proliferation of the endoplasmic reticulum (ER) in hepatocytes (12, 16, 18, 19, 21) . Although the increase in P-450 after PB administration is considered to relate to the ER proliferation (19) , no simple relationship is apparent between P-450 induction and ER proliferation (3) .
Recently, we developed a reliable microphotometric method for P-450 in liver sections (22) and estimated the number of P-450 molecules per unit ER area in hepatocytes by microphotometry of P-450 in conjunction with morphometry of ER (13) . Two general relationships in P-450 molecule number per unit ER area and ER area per unit cytoplasmic volume were found between patterns of change and increase in the dose of PB: (a) increase in P-450 molecule number per unit ER area without ER proliferation in periportal and perivenular hepatocytes after injection of low doses, and (b) increase in ER proliferation without increase in P-450 molecule number per unit ER area in periportal, midzonal, and perivenular hepatocytes after injection at a high dose.
However, we could not measure directly the amount of P-450 in the hepatocyte cytoplasm in our previous study (13) , because the spatial resolution of the microphotometer used (50 pm) was inadequate for measuring P-450 in the hepatocyte cytoplasm (23) . In addition, although hepatocytes adjacent to the central venule have ultrastructure and functions different from those of other perivenular hepatocytes (11, 14) , we considered hepatocytes within a three-cell radius of the portal area or central venule as periportal or perivenular hepatocytes in the previous study (13) .
The present study was conducted to determine more accurately the relationship between the mechanism of PB-induced P-450 increase and ER proliferation in hepatocytes. We quite recently developed a new microphotometric device (KWSP-1) that makes it possible to measure precisely P-450 content in the hepatocyte cytoplasm at high spatial resolution ( 5 pm) (23) . In the present study, we measured the amount of P-450 per unit cytoplasmic volume using this new device and estimated ER area per unit cytoplasmic volume by morphometry in hepatocytes in a layer adjoining the portal area or central venule (1 periportal or 1 perivenular cells). This was also done in hepatocytes in the second and third layers from the portal area or central venule (2, 3 periportal or 2, 3 perivenular cells).
Materials and Methods
Fifty male ddY mice, about 3 months old, were used in the experiment. The animals were fed standard laboratory chow (Oriental Yeast Company; Tokyo, Japan) and water ad libitum. One group of animals received daily morning intraperitoneal injections of sodium phenobarbital (PB) dissolved in saline at a dose of 35, 50, 100, or 150 mglkg body weight for 3 days. The animals of control groups were injected with saline. These animals were used about 24 hr after the last injection of the drug or saline.
Microphotometry of Cytochrome P450. The content of P-450 in liver sections was measured according to the method established by us (23) . Under sodium pentobarbital anesthesia, livers of 25 animals (five animals per group) were perfused with saline for 2 min via the portal vein to wash out hemoglobin. Two slices (about 5 x 4 x 3 mm) cut from the left lobe of each liver were immediately frozen. Four serial sections, 30 pm thick, cut from each slice in a cryostat were attached to coverslips. The four sections were separately incubated for 1 min at room temperature in a medium (50 mM =is-HC1 buffer containing 10% sucrose, pH 8.0) alone, in the medium saturated with CO, in the medium containing sodium dithionite ( 5 mglml), and in the medium saturated with CO and containing sodium dithionite. Then the section on the coverslip was taken onto a glass slide, mounted with the same buffer, and set in a microphotometer (KWSP-1). Two hepatocytes in a layer adjoining the periportal area or central venule, and two hepatocytes within the second and third layers from the portal area or central venule, were selected randomly from one section. Absorbances at 450 nm and 490 nm wcre measured from two spots in the cytoplasm of the selected hepatocytes in the four sections with a spot size of 5 pm, and the extinction due to P-450 was calculated from the absorbances. Then the amount of P 4 0 per unit cytoplasmic volume (mol per wm3 of hepatocyte cytoplasm) was calculated. Thus, the number of observations per group was 160 (two spots per cell, eight cells per slice, two slices per liver, and five animals per group).
Morphometry. Morphometry was carried out according to methods described by Weibel (24) and Weibel et al. (25) . Livers of 25 animals (five animals per group) anesthesized with sodium pentobarbital were briefly perfused via the portal vein with saline and then with 2 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 10 min. Small slices from the left lobe of liver were immersed in the same fixative at 4°C for 1 hr, rinsed in 0.1 M phosphate buffer containing 8% sucrose at 4°C for 30 min, and post-fixed at 4°C for 2 hr in buffered 2 % osmium tetroxide containing 4% sucrose. The slices were dehydrated in ethanol and embedded in the Spurr medium. 'Ten blocks, five containing the portal area and five including the central venule, were selected randomly from each animal.
A thin section of silver interference color was cut from each block with a glass knife on an LKB Ultrotome, stained with uranyl acetate and lead citrate, and examined in a JEOL 100-S electron microscope. Five randomly chosen electron micrographs of portions of the cytoplasm, located in corners of the hexagonal supporting copper grid (200-mesh) and occupying 50% or more of area of the micrographs, were taken at an original magnification of x 10,000 from each thin section. Thus, 2000 photographs, enlarged to a final magnification of x 130,000, which contained portions of the cytoplasm of hepatocytes in a layer adjoining the portal area or central venule, or in the second and third layers from the portal area or central venule, were prepared. The area of (smooth and rough) ER per unit cytoplasmic volume was estimated using a square lattice test system (20 x 20 cm) containing 400 test points spaced at 1 cm on each photograph. Values were expressed as pm2 per pm3 of cytoplasm. F450 Molecule Number per Unit ER Area. In hepatocytes, P-450 is localized in the roughER, smooth ER, outer nuclear membrane, and mitochondria (26) . H o d e r , our previous study showed that the area of outer nuclear membrane per hepatocyte was less than 1% of the area of ER (13) . Furthermore, the amount of P-450 in hepatocyte mitochondria appears to be undetectable by routine difference spectrophotometry because the content is very low (20) . Therefore, P-450 amount per unit cytoplasmic volume estimated by the present microphotometric method was considered to represent P-450 localized in the ER. On the other hand, newly synthesized PB-inducible P-450 appears first in the rough microsomal membrane, is translocated to the smooth membrane, and is then distributed evenly between the smooth and rough microsomal membranes (5) . In the present study, therefore. P-450 was assumed to be evenly distributed in both rough and smooth ER in control and injected animals. P-450 amount per unit area of ER (mol per pm2 of ER) was calculated by dividing P-450 amount per unit cytoplasmic volume per animal by area of ER per unit cytoplasmic volume per group. The number of P-450 molecules per pm2 of ER was obtained by multiplying the P-450 amount per unit area of ER by Avogadro's number. However, we assumed that the area of ER in hepatocytes from fixed and embedded liver does not significantly differ from that in hepatocytes from unfixed frozen liver. Griffiths et al. (7) showed that the volume densities of the Golgi stack and trans-Golgi network obtained from cryosections were identical to those obtained from plastic sections.
Statistical Analysis. For examining multiple independent data, Bardett's test was used for comparison of variances between experimental groups before the significance test. When the difference of varianceswas insignificant, data were then subjected to one-way analysis of variance followed by Duncan's multiple-range test. If the difference was significant, data were subjected to Kruskal-Walli's H-test followed by Mann-Whitney's U-test.
For analyzing matched-pair data, the difference of variances was examined by the Ftest. When the difference was insignificant, data were directly subjected to paired Student's t-test, and, if not, data were converted into logarithmic distribution and analyzed by paired Student's t-test.
All statistical comparisons were made above the 95 % level of confidence.
Results

P4SO Amolcnt per Unit Cytoplasmic Vollcme
In control animals, the value in 1 periportal cells was similar to that in 2, 3 periportal or 1 perivenular cells ( Figure 1 ). The value in 2, 3 perivenular cells was greater than that in 1 perivenular, 1 periportal, or 2, 3 periportal cells.
After PB administration, the values increased over those in corresponding control animals in all periportal and perivenular cells of all animal groups, except for 1 periportal cells after injection of 35, 50, or 100 mg/kg and 2, 3 periportal cells after injection of 35 mg/kg. In 1 periportal cells, the values increased only after injection of 150 mg/kg. In 2, 3 periportal cells, the values increased (88%) after injection of 50 mglkg, and progressively after injection of 100 (211%) and 150 (517%) mglkg. In 2, 3 perivenular cells, however, after an increase in animals injected with 35 mg/kg, the values were unchanged by injection of 50 or 100 mglkg, and increased (217%) after injection of 150 mg/kg. The pattern of increase in the values with increasing doses i n 1 perivenular cells was similar to that in 2 , 3 perivenular cells. The pattern of sublobular distribution of values after administration of 35 or 50 mg/kg PB was similar to that in control animals; the value in 2, 3 perivenular cells was greatest. After administration of 100 or 150 mg/kg, however, values in both 2, 3 periportal and 2, 3 perivenular cells were greater than those in 1 periportal and 1 perivenular cells. Furthermore, there was no significant difference in the increased values between 2, 3 periportal and 2, 3 perivenular cells. 
ER Area per Unit Cytoplasmic V$ume
In control animals, the value in 1 periportal cells was similar to that in 2, 3 periportal or 2, 3 perivenular cells, although the value was greater in 1 perivenular cells than in 1 periportal cells ( Figure 2 ).
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After PB administration, the values increased over the values in corresponding control animals in animals injected with higher doses. In 1 periportal cells, the values increased only after injection of 100 mglkg. In 2, 3 periportal cells, the values did not increase after injection of 35 or 50 mglkg but increased after injection of 100 (36%) or 150 (36%) mglkg. In 2,3 perivenular cells, the value did not increase after injection of 35 mglkg, but increased after injection of 50 (35%), 100 (56%), or 150 (65%) mglkg. The pattern of changes in the value with increasing doses in 1 perivenular cells was similar to that in 2, 3 perivenular cells, although the value in animals injected with 50 mglkg did not differ from that in animals injected with 100 mglkg in 2, 3 perivenular cells.
Differences in the values between 1 cells and 2 , 3 cells were seen only in periportal or perivenular cells in animals injected with 150 mglkg and in perivenular cells after injection of 50 mglkg.
P-450 Molecule Number per Unit ER Area
In control animals, the value in 1 periportal cells was similar to that in 2, 3 periportal or 1 perivenular cells (Figure 3 ). The value in 2, 3 perivenular cells was greater than that in 1 perivenular or 1 periportal cells.
After administration of any PB dose, the values in 1 periportal cells and those in 1 perivenular cells did not increase but remained unchanged. In 2, 3 periportal cells, however, although the value did not increase after injection of 35 mglkg, increased progressively and markedly after injections of 50 (53%), 100 (129%), or 150 (352%) mglkg. However, the values in 2, 3 perivenular cells remained unchanged after injection of 35, 50, or 100 mglkg and increased (92%) only after injection of 150 mglkg.
Patterns of sublobular distribution of the values after PB administration were similar in all animal groups; the values in 2, 3 periportal or 2, 3 perivenular cells were greater than the values in 1 periportal or 1 perivenular cells, except for periportal cells in animals injected with 50 mg/kg. In addition, there were no significant differences between the values in 2, 3 periportal cells and those in 2, 3 perivenular cells. 
Discussion
The proliferation of ER in hepatocytes from animals administered PB is considered to correspond to an increase in drug metabolizing capacity and to relate closely to the P-450 increase (4,6,9,12,15,  16,18-21) . Remmer and Merker (19) even stated that ER proliferates simultaneously with the P-450 increase in hepatocytes after PB administration. Therefore, it has been accepted that the proliferation of ER is induced by PB for adaptation to the drug and that newly formed P-450 molecules are inserted into newly formed ER membrane (3,6,16,18,19,21) . In 1 and 2, 3 perivenular cells, except for 2, 3 perivenular cells after injection of 150 mglkg PB, P-450 amount per unit cytoplasmic volume increased with ER area per unit cytoplasmic volume after administration of 50, 100, or 150 mg/kg in the present results. However, the P-450 amount per unit cytoplasmic volume and the P-450 molecule number per unit ER area increased markedly without or with some proliferation of ER in 2, 3 periportal cells after administration of 50, 100, or 150 mglkg. In 2, 3 periportal cells, therefore, the P-450 increase induced by PB appears to be generally independent of ER proliferation. This is at variance with the above concept that newly formed P-450 molecules are inserted into newly formed ER membrane. This also suggests that the mechanism for regulating P-450 increase induced by PB is not identical to that for ER proliferation.
Bresnick (3) reported that microsomal P-450 content increased between 12 and 24 hr after administration of PB in rat liver, whereas microsomal phospholipid content increased between 4 and 12 hr after the administration. The proliferation of ER should therefore occur before the induction of P-450, and the regulatory mechanism of the P-450 increase induced by PB may differ from that of ER proliferation. The present results are compatible with those of Bresnick (3). After administration of 50 or 100 mglkg PB, 2, 3 periportal cells increased their P-450 amount by increasing the P-450 density in ER, without or with slight proliferation of ER, whereas 2, 3 perivenular cells increased their P-450 amount by proliferating ER without increase in the P-450 density in ER. Therefore, the pattern of response to PB in 2, 3 periportal cells differs from that in 2, 3 perivenular cells. After administration of a very high dose, 150 mg/kg, however, both 2, 3 periportal and 2, 3 perivenular cells increased their P-450 amount by proliferating ER and increasing the P-450 density in ER. The P-450 amount per unit cytoplasmic volume, as determined by microphotometric analysis, is related to the drug-metabolizing capacity of hepatocytes. In control animals and animals injected with 35 or 50 mg/kg PB, P-450 amount per unit cytoplasmic volume was largest in 2, 3 perivenular cells. However, after administration of 100 or 150 mglkg, values in both 2, 3 periportal and 2, 3 perivenular cells became greater than those in 1 periportal and 1 perivenular cells. Thus, 2, 3 perivenular cells are closely related to drug metabolism in control mice and mice administered low doses. However, both 2, 3 periportal and 2, 3 perivenular cells appear to participate actively in drug metabolism after administration of high doses.
Hepatocytes adjacent to the central venule have ultrastructure and functions differing from those of other perivenular hepatocytes (llJ4). For example, the area of rough ER per area of smooth ER is 1.0 in 1 perivenular cells, but 1.5 in other perivenular cells (14) . Lactate dehydrogenase activity is lower in 1 perivenular cells than in other perivenular cells (11). In the present results, P-450 amount per unit cytoplasmic volume and P-450 molecule number per unit ER area were greater in 2, 3 perivenular cells than in 1 perivenular cells in control animals and animals injected at all doses.
Difference in the pattern of response to PB was remarkable between 1 periportal and 2, 3 periportal cells: 2, 3 periportal cells responded to PB actively, whereas 1 periportal cells did not, although ER area per unit cytoplasmic volume increased slightly after injection of 100 mglkg and P-450 amount per unit cytoplasmic volume increased after injection of 150 mglkg. Therefore, 1 periportal cells are probably exceptional hepatocytes that usually do not respond to PB stimulation; the cells may lose or may not acquire the ability to respond to PB stimulation. There have been no reports in the literature on functional differences between hepatocytes adjacent to the portal area and other periportal hepatocytes.
In the present results, the sublobular distributional pattern of P-450 changed with increasing doses of PB. Adesnik et al. (4) found that the levels of mRNA induction were higher in proximal (perivenular plus midzonal) hepatocytes than distal (periportal plus midzonal) hepatocytes, these experiments cannot define whether changes in relative rates of the transcription or translation of P-450 genes in each zone are responsible for the heterogeneous expression of P-450 after PB administration (8) .
In our previous study (13), P-450 molecule number per unit ER area generally increased without ER proliferation in periportal and perivenular hepatocytes after injection of 35 or 50 mglkg PB, and ER proliferation increased without an increase in the P-450 molecule number in ER in periportal, midzonal, and perivenular hepatocytes after injection of 100 or 150 mglkg. Therefore, the present results appear inconsistent with those of the previous study. The fault of our previous study is probably that hepatocytes within a three-cell radius of the portal area or central venule were considered as periportal or perivenular hepatocytes and that all periportal or perivenular hepatocytes were assumed to respond in the same way to PB.
The liver contains many forms (isozymes) of P-450 (15). After PB administration, P-450 PB1 and P-450 PB2 isozymes increase, whereas the contents of other isozymes remain unchanged in rat liver (27). The balance of P-450 isozymes in mouse hepatocytes may therefore be changed by PB administration. The changes in the isozyme composition may differ in perivenular, midzonal, and periportal hepatocytes, and the changes may trigger ER synthesis. However, we could not determine the relationship between the changes in the isozyme composition of P-450 and ER proliferation, because the present results show only total P-450 content in hepatocytes. Although NADPH-ferrihemoprotein reductase, epoxide hydrolase, and glutathione transferases are also induced by PB administration (27), the relationship between the induction of these enzymes and the proliferation of the ER remains to be determined.
